In Western society, couples increasingly delay parenthood until later in life. Overall, studies have focused on the reproductive performance of older parents or the impact of advanced maternal age on pregnancy outcomes, but few studies have examined how advanced paternal age (APA) affects offspring health. The aim of this study was to investigate the impact of increasing paternal age on offspring reproductive performance and long-term metabolic health in a mouse model. Here, the same adult B6D2F1/J male mice were mated at 4, 12, and 18 months of age with 6-to 10-week-old naturally cycling CF1 females to generate 3 offspring cohorts conceived at increasing paternal ages PA4, PA12, and PA18. The offspring resulting from mating the same fathers at different ages (n ¼ 20 per age; 10 males and 10 females) were maintained up to 20 weeks of age and morphometric parameters, growth curve, and glucose tolerance were measured. We found that increasing paternal age was associated with a trend toward longer time to conception. Litter sizes were not significantly different. Reassuringly, metabolic parameters and growth curve were not different in the 3 cohorts of offspring. Most importantly, increased paternal age (PA4 vs PA18) was associated with a statistically significant decrease in sperm concentration, sperm motility, and anogenital distance in offspring. These changes raise concerns about the potential impact of APA on the reproductive fitness in males of the next generation.
Introduction
As Western society has evolved in favor of career advancement and the pursuit of educational aims, couples increasingly delay parenthood until later in life. It is therefore of interest to ascertain the potential impact of advanced parental age on offspring health, metabolic parameters, and reproductive capabilities.
Overall, studies on the topic are limited and few human studies have explored the effects of older age on conception and offspring health. The majority of published analysis have focused on the reproductive performance of older parents or the impact of advanced maternal age on pregnancy outcomes (reviewed in the study by Jacobsson et al and Luke et al). 1, 2 Human studies indicate that older males display alterations in several reproductive parameters compared to younger males, including decreased androgen production 3 and benign hypertrophy of the prostate gland. 4 Testicular morphology and function decline with age, as does the quality of semen, 5 while the incidence of sexual dysfunction increases with age. 6 There is also evidence linking increased paternal age with diminished performance in assisted reproductive technology (ART) outcomes, but these results are more controversial.
The effect of advanced paternal age (APA) on offspring health has been studied to a lesser degree. 7 Several studies have found an association between APA and psychiatric and academic morbidity 8 or autism 9, 10 in offspring, as well as several other diseases such as cancer and a small group of mutation disorders collectively termed "paternal age effect disorders." [11] [12] [13] On the contrary, very few studies have studied the effects of APA on metabolic health or growth pattern of offspring. Some authors have described an association between APA and low birth weight in newborns 7 and increased stature and altered serum lipid profiles.
Animal studies highlight a relationship between APA and negative pregnancy outcomes. Natural conception using older male mice produces significantly smaller fetuses and placentae, with resulting offspring having decreased reproductive fitness and longevity, as well as altered behavioral traits. 15, 16 In addition, there is a trend toward lower implantation rates and increased pregnancy loss in rat offspring generated by older fathers 17 or following embryo transfer of blastocysts generated in vitro using sperm from older males in mice. 18 The finding of lower birth weight in offspring of older fathers has important implications since there is a wellestablished association between decreased birth weight and long-term metabolic complications, as set forth by the developmental origin of health and disease hypothesis. 19 We therefore designed the present study to assess the metabolic health of offspring generated by fathers of increasing age. In particular, we analyzed whether APA, using the same male mice of increasing age, affects offspring growth and glucose tolerance, as well as sperm parameters. Reassuringly, increased paternal age did not predispose to consistent differences in growth kinetics or glucose tolerance. However and importantly, male offspring generated by older fathers had decreased sperm concentration, sperm motility, and reduced anogenital distance-factors known to affect fertility.
Materials and Methods

Animals
For mating, single male B6D2F1/J mice (F0) were housed with 6-to 10-week-old spontaneously ovulating CF1 female mice. Females were monitored daily and removed to a separate cage after detection of a copulatory plug, with the number of days cohoused recorded as the time to conception. The same 4 males (n ¼ 4) were used for mating at 4, 12, and 18 months of age with young mothers (6-10 weeks of age), thus generating 3 cohorts of offspring generated by each father at different ages (each sire generated 1 litter per time point, PA4, PA12, PA18 groups).
To reduce variation and increase the sensitivity of statistical analyses of treatment, 20 pups (F1) were randomly culled to a litter size of 7 to 9 at birth with no attempt to selectively cull sick or underweight pups. Additional culling was performed if necessary at weaning to reduce the total number of mice to 20 per cohort (10 per sex). Body weight, body length, and anogenital distance were measured at birth, and body weight was subsequently measured weekly until the end of the experiment. Organ weights were measured immediately following euthanization of the animals at 20 weeks of age.
All experiments were approved by the Institutional Animal Care and Use Committee of the University of California San Francisco. Animals were provided nesting material and housed in cages maintained under constant 12 hours light/dark cycle at 21 C to 23 C, with ad libitum access to water and standard chow (Pico-lab diet #5058: 23% protein; 22% fat, and 55% carbohydrate).
Intraperitoneal Glucose Tolerance Test and Insulin Measurement
Glucose homeostasis was investigated via intraperitoneal glucose tolerance testing (IPGTT) at 19 weeks of age as previously described. 21, 22 Animals were fasted 6 hours before receiving an intraperitoneal glucose bolus of 2 mg/g body weight, and both glucose and insulin levels were measured at 0 (fasting, before glucose injection), 15, 30, 60, and 120 minutes. To determine insulin levels, 5 to 10 mL of serum were assayed using an ultrasensitive insulin ELISA kit (Alpco, Salem, New Hampshire), as previously described. 21, 22 Sperm Analysis Sperm concentration and motility were measured in cauda epididymal sperm collected from euthanized male offspring aged 20 weeks as described. 23, 24 Briefly, the caudal region of the epididymis was dissected out of the scrotum, washed in human tubal fluid medium (Specialty Media, Phillipsburg, New Jersey), and transferred to a culture dish containing 500 mL of 20 mM Tris-HCl, 130 mM NaCl, and 1 mM EDTA (pH 7.5). Several incisions were made in the cauda epididymis to allow sperm dispersal. Motility was assessed after a 30-minute incubation at 37 C in humidified air and 5% CO 2 . Sperm concentration (million/milliliter) was evaluated using a hemocytometer on spermatozoa that were washed, centrifuged, and resuspended in the same medium. 23 
Androgen Assay
Blood was collected via heart puncture in euthanized 20-weekold animals. Serum was immediately separated, snap frozen, and stored at À20 C until use. Testosterone levels were measured in 25 mL serum specimens using a mouse testosterone ELISA kit (Calbiotech Inc, Spring Valley, California), according to the manufacturer's instructions.
Quantitative Real-Time Polymerase Chain Reaction
Expression of candidate genes associated with impaired spermatogenesis or male factor infertility 18 was analyzed in semen from all male offspring per cohort at the time of sacrifice. Semen were passed through a 20-G hypodermic needle in 1 mL TRIzol reagent several times to facilitate RNA extraction. RNA was isolated via phase separation with the addition of 0.2 mL chloroform. Total RNA was then processed and purified using an RNeasy Mini Kit (Qiagen) and measured by NanoDrop spectrophotometry (Waltham, MA). Conversion of RNA to complementary DNA (cDNA) was performed using a commercially available first strand cDNA synthesis kit (BioRad Laboratories, Hercules, CA) Expression of the genes protamine 1 and 2 (Prm1, Prm2), angiotensin-converting enzyme (AceV1), and sperm mitochondria-associated cysteine-rich protein (Smcp) was evaluated using previously reported primers. 18 Glucose transporter 3 (Glut3) expression was measured with primers designed using PerlPrimer software: forward, CTCTTCAGGTCACCCAACTACGT; reverse, CCGCGTCC TTGAAGATTCC. 25 Beta-actin was used as a reference gene: forward, AAGGCCAACCGTGAAAAGAT; reverse: GTGG TACGACCAGAGGCATAC. 26 Gene expression was quantified using SYBR green PCR mix and analyzed via the log linear phase of the amplification curve using comparative threshold values.
Statistical Analysis
All data are presented as the mean (standard deviation [SD]) unless otherwise specified. To detect any differences among groups, a one-way analysis of variance (ANOVA) was used. If a 1-way ANOVA was significant, Tukey post hoc correction was applied to test for differences between groups. Linear regression analysis was performed to detect significant correlations with paternal age. All statistics were calculated using Prism software package (Graphpad, San Diego, California). A P value of <.05 was considered significant. Unless specifically reported, each mouse cohort was composed of 20 animals (10 per sex).
Results
Decreased Fecundity With APA
Increased paternal age was associated with greater time to conception, with 18-month-old males requiring significantly longer to produce litters than when they were 12 months of age ( Figure 1A ).
Effect of Paternal Age on Offspring Growth, Glucose Metabolism, and Organ Weight
There was no effect of paternal age on litter size ( Figure 1B) . Birth weight was significantly higher in the PA12 group compared to PA4 or PA18 ( Figure 1C ). There was no difference between male and female weights, crown-rump length, or anogenital distance at birth for any PA group. Body weight did not differ between offspring of the various paternal age groups over the 20 weeks, with the exception of PA4 F1 females at 10 and 15 weeks (Figure 2A and B) .
Glucose levels at each time point ( Figure 2C and D) and the area under the curve (not shown) quantified during the IPGTT were not different in either male or female offspring generated by fathers of different ages. Insulin levels were also not affected by paternal age, although PA12 females had slightly higher insulin levels compared to offspring from other groups (Supplemental Figure S1 ).
There were few differences in organ weights. Notably, adrenal and pancreatic weights were similar among all the offspring examined. The ovaries of the PA18 daughters were significantly larger than those in either the PA4 or PA12 groups (P < .05) but were similar in gross morphology to the other groups.
In males, PA18 gonadal fat weight was significantly less than either PA4 or PA12 (P < .05), the trend for smaller testis in PA12 and PA18 did not reach significance, and the liver weighed less in PA18 males compared to PA12 (but not PA4; Supplemental Table S1 ).
Sperm Parameters and Testosterone Levels of Adult Male Offspring
Increasing paternal age was associated with decreased sperm concentration and total motility in the offspring. Progressive motility was not so clearly affected by age, with sperm from the PA18 F1 cohort having lower motility than the PA12, but not PA4 group (Figure 3A and B) . Male offspring produced by older sires additionally had a shorter anogenital distance in adulthood ( Figure 3D ). However, testis weight and androgen levels were similar among all F1 males, regardless of the age of their fathers ( Figure 3D , Table 1 ).
No Change in the Expression of Selected Genes in Offspring Spermatozoa
Based on the observed changes in sperm parameters, the expression of 5 genes involved in glucose transport and sperm physiology was evaluated in offspring sperm. No differences in gene expression were noted in the genes examined (Figure 4 ).
Discussion
This study was designed to examine the impact of APA on offspring growth, metabolism, and sperm parameters. To our knowledge, this is the first report aimed at assessing growth curve and glucose tolerance in offspring generated by fathers of increased age.
The first important finding is that somatic growth and glucose tolerance were similar between offspring generated by the same fathers at increasing age. This is particularly noteworthy in light of the current tendency to postpone pregnancy in our society. 27 Furthermore, because developmental studies often reveal sexually dimorphic phenotypes, 28 it is encouraging that both male and female F1 mice displayed normal growth parameters. Our results are particularly reassuring, given that other authors have found that male offspring generated by fathers older than 18 months generate significantly smaller fetuses. 18 Lower birth weight is a well-documented marker of impaired metabolic health in adulthood, as established by the developmental origins of health and disease hypothesis. 19 The 3 cohorts of mice examined in this study differed in very few parameters of somatic growth: PA12 offspring were larger at birth only, gonadal fat was significantly reduced in PA18 males compared to that of either PA4 or PA12 males, and liver weight in PA18 males was smaller than PA12 (but not PA4). In the present study, the ovaries from PA18 daughters were significantly larger but exhibited gross morphology similar to those of the PA4 and PA12 groups. It is unclear why ovarian weight increased with APA: These ovaries were not obviously polycystic. One possibility is that the increased ovarian mass may occur secondary to stroma hypertrophy, which has been associated with hyperandrogenism. 29 Given that no other growth or metabolic parameters were affected between the groups, we cannot ascribe any clear biological significance to these findings.
A second major novel finding of this study is that sperm concentration and motility were diminished in the offspring generated by older fathers. The decline in total motility was linear over the different paternal ages investigated, but progressive motility appears to have been less affected. Although a decline in semen quality has been well-documented in older fathers/sires themselves, 7 this has not previously been reported in the resulting offspring.
One related observation and possible explanation is that the anogenital distance measured at the time of sacrifice was significantly shorter in male offspring generated by older fathers ( Figure 3D ). There was no difference among female offspring. Of note, anogenital distance in adult men has been shown to be the strongest predictor of sperm count. 30 Adult anogenital distance is generally believed to reflect the degree of androgen exposure in utero, 31 with higher androgen levels associated with longer anogenital distance. However, evidence is emerging that the perineum is hormonally sensitive both perinatally and during puberty. 32, 33 Since there were no differences in anogenital distance at birth in the F1 males with older fathers, it is likely these animals experienced different androgenic exposures after puberty. This might suggest that offspring of older fathers would have had smaller testes and lower testosterone levels; however, testicular weight and testosterone levels measured at 20 weeks of age did not differ among the groups. There are several possible explanations for this result. Changes in testosterone may have been transient, occurring only during puberty. It is also possible that changes in the levels of other androgens or of the ratio between androgen(s) and estrogen were responsible for the altered anogenital distance. Finally, there could have been changes in 5a-reductase or in androgen receptors levels in the target tissues.
Analysis of the data in our aging cohort of fathers suggests that the pattern of decline of anogenital distance, sperm concentration, and sperm motility in offspring display a continuous downward slope rather than an age-related threshold effect. If this is confirmed, these data would indicate that there is not a specific time when a male mouse becomes an "old" sire, but instead that there is a growing negative effect of age. Indeed, older men show a continuous decrease in semen parameters with advancing age. Interestingly, reproductive outcome of older men using ART suggests that APA is associated with decreased fertilization, blastocyst formation, and pregnancy rates, as well as a greater risk of pregnancy loss and a lower live birth rate. 7, [34] [35] [36] [37] [38] [39] [40] [41] However, we are not aware of human data monitoring semen parameters in the offspring of older fathers. 42 A particularly relevant animal study showed that paternal age (up to 120 weeks) did not affect resulting male offspring (F1) reproductive performance or subsequent litter sizes. 15 Female offspring from 30-month-old fathers displayed reduced reproductive potential with interbirth intervals longer than females of younger groups.
An important question to be addressed in future studies is to assess whether the decline in sperm parameters is associated with a decline in fertility in the offspring. Although we did not assess fertility in offspring (sperm data were obtained at sacrifice), we indirectly assessed sperm function by analyzing the expression of selected genes known to affect sperm physiology and competence. Prm1 and Prm2 are involved in DNA packaging, 43 Ace is involved in binding of the spermatozoa to the zona, 44 while Smcp affects motility. 45 We also tested the expression of the facilitated glucose transporter Glut3, as glucose plays an important role in semen transport. In fact, decrease in sperm motility in offspring of diabetic sires is correlated with a decrease in Glut3. 46 However, sperm from all F1 males, regardless of paternal age, did not show any alterations in messenger RNA expression of the testicular genes tested.
In order to better understand the mechanism of decline of semen quality in offspring of older fathers, it will be necessary to obtain a more detailed picture of endocrine profiles and testicular histology in these mice, especially at puberty. It might be also valuable to test spermatozoa for additional genes involved in sperm production and function or to analyze global gene expression.
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It is interesting to speculate on the potential mechanism(s) by which increasing paternal age might affect sperm count in offspring. It is known that sperm from older males harbor a greater number of point mutations in their DNA. 47 Data from the 1000 genome project demonstrate that a significant percentage (*75%) of the novo mutations are paternally derived and play an important role in autism spectrum disorders. 48 Moreover, offspring of older fathers show an increase in the rate of de novo mutations in sperm. 12 According to the "selfish spermatogonial selection" hypothesis, older males (with aging spermatogonia) have an increased number of spermatogonial clones with mutations that confer a mitotic advantage. 13 The result is that the testis is populated by a relative abundance of mutated spermatogonia, which could explain the greater incidence of autism and neuropsychiatric disorders in the children of older fathers. 10, 12 Furthermore, sperm originating from older fathers might have a reduced ability to recover from oxidative damage: Defects in oxidative repair can impair sperm motility, DNA compaction, and maturation, leading to poor reproductive outcomes as shown in the peroxiredoxin 6 null mouse. 49 Alternatively, the effects of APA could be secondary to epigenetic alterations being more common in sperm of older fathers. 50 Indeed, altered DNA methylation 48 or altered microRNA, 51 which could be passed on to subsequent generations and affect offspring phenotype, have been observed in males exposed to different stress. 52 This study has several strengths. First, the same fathers were used to generate all offspring cohorts, thereby controlling for interindividual paternal variation. We also performed extensive phenotyping in the offspring.
Among the limitations to this study, we documented paternal age effects up to 18 months (mice leave up to 24-36 months), and it is possible that additional effects exist when fathers age further. Similarly, offspring were monitored only up to 20 weeks of age, and it is possible that metabolic or growth alterations might occur at an older age. We also focused on male reproductive parameters and have not done extensive analysis of female ovulatory function and fertility. Future experiments should be designed with these caveats in mind.
In conclusion, this study is reassuring from a metabolic perspective, as the offspring of older fathers did not demonstrate any obvious abnormalities related to growth or glucose tolerance. However, the decline in anogenital distance and the decreased sperm concentration and motility observed with advancing paternal age are important findings and will be interesting areas of future investigation.
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